Minute virus of mice (MVM) is an autonomously replicating parvovirus that depends on host-cell factors expressed during S phase to complete its life cycle. This requirement results in the restriction of productive MVM infection to proliferating tissues and may contribute to the oncotropism displayed by this virus (16, 51) . The genome of MVM consists of a linear, singlestranded, negative-sense DNA molecule of approximately 5,000 nucleotides (nt) with nonidentical palindromic hairpin ends and contains two overlapping transcription units (16) . The right-hand part of the genome encodes the capsid proteins VP1 and VP2 under the control of the P38 promoter. The left-hand part of the genome is driven by the P4 promoter and encodes two types of nonstructural proteins, NS1 and NS2, which are implicated in various steps of parvovirus growth. The 83-kDa NS1 phosphoprotein accumulates in the nuclei of infected cells and is involved in viral DNA replication and modulation of viral and cellular promoters (18, 62) . NS1 displays various biochemical activities which are required for viral genome amplification, such as ATP binding and ATPase activity, covalent and noncovalent DNA binding, and helicase-and site-specific endonuclease activity (18) . NS1 also activates in trans transcription from both its own P4 promoter (22) and the P38 promoter, which drives expression of the capsid genes (23, 40) , and may act in the modulation of the cellular environment (2, 47, 62) . Indeed, NS1 has been shown to be the major effector of parvovirus-induced cytotoxicity, with NS2 enhancing cell killing in some but not all cell lines tested (7, 11, 37, 41) .
Unlike NS1, the role of the nonstructural NS2 proteins during the parvovirus life cycle is not yet clearly understood. NS2
proteins from the murine virus MVM consist of three isoforms that differ at their carboxy termini as a result of alternative splicing events (17) . They have a molecular mass in the range of 25 kDa, and all three isoforms share a common aminoterminal domain with NS1, which comprises the first 85 Nterminal amino acids (aa) (16) . NS2 polypeptides exist in phosphorylated and nonphosphorylated forms, which are mainly located in the cytoplasm; however, nonphosphorylated NS2 can also be detected in the nuclei of infected cells (13, 17) . NS2 are the predominant virus-encoded proteins detected early in S phase of infected cells, but their accumulation rapidly diminishes as the proteins exhibit a relatively short half-life (about 1 h), and the activity of the P4 promoter declines later in infection (14, 17, 54) .
Although their mode of action is not known, NS2 proteins from MVM were shown to be absolutely required for productive infection in cells from their natural host species both in tissue cultures and in animals (10, 12, 42, 43) . Indeed, NS2 mutants of MVM, which encode truncated or no NS2 polypeptides, have been reported to exhibit multiple defects in DNA replication as well as in the translation and assembly of capsid proteins (12, 15, 42, 43) . These defects led to a drastic reduction of the production of progeny NS2 mutant virions in mouse cells, while the production of these viruses was much less affected in nonmurine cells. A similar host species-specific defect in viral DNA replication has also been described for NS2 mutants of the closely related rat parvovirus H-1 (38) . In this case, the expression of all viral proteins was strongly reduced, and experiments with reporter gene constructs suggested that a sequence present in the 3Ј untranslated region of all viral mRNAs might render them susceptible to translational modulation by NS2 (39) . In contrast, the NS2 proteins from canine parvovirus appeared to act in a host-independent manner (66) .
Due to the small size of their genomes, which encode only a limited number of proteins, parvoviruses heavily depend on cellular helper functions for their life cycle (16) . Furthermore, the viral regulatory products are multifunctional proteins showing a variety of activities. It can then be speculated that the NS proteins need to interact with specific cellular products in order to achieve their functions. Indeed, we previously showed that NS2 proteins from MVM interact with at least two members of the 14-3-3 protein family (9) . However, the function of this protein complex remains to be elucidated. In order to better understand the role of NS2 during parvovirus replication, we looked for other interacting partners, by using the two-hybrid system (25) . The present study shows that the chromosome region maintenance protein CRM1, a nuclear export factor (29, 30, 44, 48, 57) , interacts with all three isoforms of NS2 and is probably involved in an active export of the viral proteins NS2 out of the nuclei of infected cells.
MATERIALS AND METHODS
Bacterial and yeast strains. The following bacterial strains were used: Escherichia coli Sure (Stratagene) for amplification of the rat cDNA library, HB101 for recovery of the activation domain plasmids, and JM109 for subcloning steps. All bacterial cultures were grown in Luria-Bertani medium supplemented with appropriate antibiotics.
The (55) transformed by the c-Ha-ras oncogene, was grown in Dulbecco's modified Eagle's medium supplemented with 1 mM sodium pyruvate and 10% donor calf serum. Mouse A9 fibroblasts (59) were grown in Eagle's minimum essential medium supplemented with 1% nonessential amino acids and 5% fetal bovine serum.
MVM was propagated in A9 cells, titrated, and purified as described by Tattersall and Bratton (59) . Mutant NS2-T149A virus was produced in A9 cells upon transfection with the infectious clone DB-D1-4-914 (6), by using the classical CaPO 4 coprecipitation technique (63) , and further titrated and purified as previously described (59) .
Construction of yeast expression vectors. Vectors pGBT9 (Clontech), which harbors the yeast selectable gene TRP1 as well as the GAL4 DNA-binding domain (BD) (aa 1 to 149) coding sequence, and pGAD424 (Clontech), which contains the yeast selectable gene LEU2 and the sequence encoding the GAL4 activation domain (AD) (aa 768 to 881), were both used for the expression of fusion proteins. Recombinant vectors were constructed and amplified according to standard procedures (52) .
(i) pGBT9NS2P. The NS2 major isoform (NS2P) coding region from MVM was isolated as a NcoI-BamHI fragment from the plasmid pTM1-NS2p (kindly provided by J. Nüesch and P. Tattersall, Yale University, New Haven, Conn.) and inserted, in frame with the GAL4-BD sequence, into pGBT9 with the help of an adapter encompassing an NcoI restriction site and generated through the annealing of oligonucleotides 5Ј AATTCACCATGGTTAAC 3Ј and 5Ј AATT GTTAACCATGGTG 3Ј.
(ii) pGBT9NS2Y and pGBT9NS2L. The NS2 minor (NS2Y) and rare (NS2L) isoform coding regions were isolated from the plasmids pTM1-NS2y (a generous gift of J. Nüesch and P. Tattersall, Yale University) and pET-NS2l, respectively, and inserted into the vector pGBT9 as described for the pGBT9NS2P construction.
(iii) pET-NS2l. The NS2 major isoform (NS2P) coding region from MVM was isolated as a NcoI-BamHI fragment from pTM1-NS2p and subsequently cloned into the plasmid pET-16b (Novagen) in order to generate the pET-NS2p construct. A XhoI-BamHI subfragment, which contains nt 2072 to 2280 and nt 2377 to 2635 from the MVM sequence, was then excised from pET-NS2p and replaced by a PCR-produced XhoI-BamHI fragment, which contains MVM nt 2072 to 2280 and nt 2399 to 2447, to give rise to the construct pET-NS2l. This change allowed the replacement of the MVM sequence encoding the carboxy terminus of the NS2P isoform with the one corresponding to the NS2L isoform. The region encompassing the inserted PCR product was further sequenced to ensure that no PCR-derived mutations were present.
(iv) FREJ4 cDNA library containing pGADNot. The generation of FREJ4 cDNAs and their insertion, in fusion with the GAL4-AD sequence, into pGADNot, a NotI-containing pGAD424 vector, to create a FREJ4-cDNA plasmid library, was previously described (19) .
Yeast two-hybrid screen. Yeast transformations were performed essentially as previously described (5, 19) , with recombinant pGBT9 and pGAD424 shuttle vectors. Both plasmids harbor the yeast 2m and the bacterial ColE1 origins of replication. The expression of GAL4-BD and GAL4-AD fusion proteins are driven by the constitutively active yeast ADH1 promoter.
The yeast strain HF7c, containing the HIS3 and lacZ reporter genes under the control of two independent promoters, was transformed with the bait plasmid pGBT9NS2P by using a lithium acetate protocol (31) . The resulting strain was selected and grown in Trp-deficient SD medium. A 2-liter culture of pGBT9NS2P-expressing HF7c cells in growing phase (optical density at 600 nm of 0.6) was transformed with 20 g of plasmid DNA from the FREJ4 cDNA library. Double transformants were grown on plates containing SD medium lacking Trp and Leu, to select for the presence of both the bait and the library plasmids, and deprived of His, to select for protein-protein interactions. Positive clones were selected a second time on a Trp Ϫ Leu Ϫ His Ϫ medium, and those that were still able to grow were subsequently assayed for ␤-galactosidase activity.
␤-Galactosidase assay. The ␤-galactosidase activity of histidine-positive clones was tested on filters and in vivo with the yeast strains HF7c and SFY526, respectively, which both contain a lacZ reporter gene but under the control of different GAL4 promoters.
␤-Galactosidase filter assays were performed according to a standard protocol (8) . Briefly, positive clones were streaked onto Whatman filters which were then incubated overnight at 30°C on Trp Ϫ Leu Ϫ selective plates. Filters, which were rapidly frozen in liquid nitrogen, were laid down onto a second Whatman filter previously wetted in buffer Z (100 mM NaPO 4 [pH 7.0], 10 mM KCl, 1 mM MgSO 4 ) supplemented with 5 mM ␤-mercaptoethanol and 335 g of X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) per ml. Positive clones developed a blue color after 15 to 60 min of incubation.
In vivo ␤-galactosidase assays were performed as follows. Fresh transformants were streaked onto Trp Ϫ Leu Ϫ selective dishes, supplemented with a final concentration of 100 mM NaPO 4 [pH 7 .0] and 40 g of X-Gal per ml, and grown for 48 h at 30°C. When expressing the lacZ reporter gene, yeast cells developed a blue color.
DNA sequencing. Sequencing of the crm1 cDNA insert from the plasmid pGADcrm1 was performed on both strands by the 4base lab company (Reutlingen, Germany). Sequences were compared with data bank entries, by using the HUSAR (Heidelberg Unix Sequence Analysis Resources) system (56) .
Antibodies. The polyclonal rabbit antibodies SP8 and SP6 are directed against carboxy-terminal peptides of MVM proteins NS1 (NS1C) and NS2 (NS2C), respectively. The generation of these antibodies was previously described (9, 24) . The monoclonal mouse antibody 3D9, directed against the amino acid sequence encoded by nt 1110 to 1638 of MVM DNA (17), is specific for NS1 and was kindly provided by D. Pintel (University of Missouri-Columbia). The antibody anti-hCRM1, directed against the human crm1 gene product (28) , was kindly provided by M. Fornerod (European Molecular Biology Laboratory, Heidelberg, Germany).
Cell labeling and protein immunoprecipitation. The labeling of mock-or MVM-infected cells, protein extraction, and immunoprecipitation were performed as previously described (9) . Briefly, subconfluent cell cultures were mockor MVM-infected at a multiplicity of infection (MOI) of 10 PFU per cell. At 18 h postinfection, cells were metabolically labeled for 2 h with 200 Ci of Tran 35 S label (1,000 Ci/mmol; ICN Pharmaceuticals) in Met-and Cys-free Eagle's minimum essential medium supplemented with 5% dialyzed fetal calf serum. Cells were subsequently lysed with either the so-called Raf buffer (20 mM Tris [pH 8.0], 137 mM NaCl, 10% glycerol, 1% Nonidet P-40) or radioimmunoprecipitation assay buffer (10 mM Tris [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS]), both containing a mixture of proteinase inhibitors, and proteins were harvested after a clear spin. Equal amounts (10 7 cpm) of labeled protein extracts were immunoprecipitated with 2 to 5 l of either polyclonal rabbit antiserum, directed against MVM NS1, NS2, or human CRM1 proteins, and immunocomplexes were analyzed by electrophoresis on SDS-polyacrylamide gels.
Cell synchronization and leptomycin B treatment. Highly synchronized A9 cells were prepared by an isoleucine-aphidicolin double-block protocol, as previously described (14, 16) . Briefly, cells were grown on coverslips in an isoleucinefree medium for 48 h at 37°C, in a 5% CO 2 atmosphere, followed by 10 h of incubation in a complete cell culture medium containing aphidicolin at a 12-g/ml final concentration. Synchronized cells were either mock treated or infected with wild-type MVM at an MOI of 10 PFU/cell in the presence of aphidicolin and subsequently incubated for 10 h in an aphidicolin-containing medium (37°C with 5% CO 2 ). Cells were then released from the aphidicolin treatment and further incubated in a complete medium for either 10 or 12 h. When needed, leptomycin B was added to the cultures at a final concentration of 10 nM for either 3 h (starting from 7 h postrelease) or 12 h (for the duration of release). Leptomycin B was kindly provided to us by B. Wolff-Winiski (Novartis, Vienna, Austria).
Immunofluorescence. Highly synchronized A9 cells, which were grown and infected on coverslips, were fixed in 1% formaldehyde for 10 min and permeabilized with cold methanol for 5 min, cold acetone for 2 min, and 1% saponin for 15 min. Cells were washed first with 0.2% Tween, then with 2 mM MgCl 2 , and further preincubated with 1% goat serum. Cells were then successively incubated at room temperature for 1 h each with the polyclonal rabbit serum SP6 (1:700 dilution) or the monoclonal mouse antibody 3D9 (1:20 dilution), as primary antibodies, and fluorescein isothiocyanate-conjugated goat anti-rabbit (1:150 dilution) or rhodamine-conjugated goat anti-mouse (1:200 dilution) secondary antibodies, respectively, followed by three phosphate-buffered saline washes. All solutions and dilutions were prepared in phosphate-buffered saline. Coverslips were then quickly treated with DAPI (4Ј,6-diamidino-2-phenylindole), dried with ethanol, and mounted on glass slides in the presence of polyvinyl alcohol (Elvanol; Serva, Heidelberg, Germany). Labeled cells were examined with a Leica microscope, at a ϫ63 magnification with an oil immersion objective, and photographed with ASA400 Ektachrome films.
Nucleotide sequence accession number. The nucleotide sequence of the cDNA encoding the C-terminal domain of the rat crm1 gene product has been deposited in the GenBank database under accession no. AJ238278.
RESULTS
Identification of a potential interacting partner for NS2P by the two-hybrid system. To identify new cellular partners of NS2, we performed a two-hybrid screen by using as a bait the major isoform of NS2 (NS2P) fused to the BD of GAL4. We have chosen to screen this bait against a cDNA library that was derived from the ras-transformed rat cell line FREJ4 (64) and that was already successfully used to detect a parvovirus protein interacting partner (19) . Yeast transformation with this library allowed the expression of rat cDNA-encoded proteins fused to the AD of GAL4.
Both plasmids were introduced into the HF7c yeast strain, and 3.5 ϫ 10 6 double transformants were plated on a medium lacking the amino acids tryptophan and leucine, to select for the presence of both bait-expressing and cDNA library-containing plasmids, and lacking histidine to select for interactions between the bait NS2P and rat cDNA library-encoded proteins. From about 2,000 histidine-positive clones, 6 were also positive when assayed for ␤-galactosidase activity on filters. Plasmid DNA from these positive clones was extracted, amplified after transformation of E. coli HB101, and reintroduced together with the BD-NS2P coding plasmid or the empty pGBT9 vector into HF7c and SFY526 yeast strains. Both strains contain the lacZ reporter gene, however, under the control of different GAL4-responsive promoters. Transformed HF7c and SFY526 yeast cells were then assayed for ␤-galactosidase activity either on filters or after streaking onto X-Galcontaining plates. After this second selection, five of the six isolated clones were discarded because their encoded prey either did not activate reporter gene expression anymore in the presence of NS2 or induced the reporter gene in an NS2-independent fashion. Only one clone, called X6, was positive in both yeast strains in the presence of the bait and negative when using the empty vector that only expresses the GAL4-BD. Figure 1A shows the activation of the ␤-galactosidase reporter gene in the SFY526 strain when both NS2P and cDNA-X6 were coexpressed, which led to a blue staining of growing yeast cells. Under conditions in which no NS2-X6 interaction could take place (coexpression of either BD and AD, BD and ADcDNA-X6, or BD-NS2P and AD) the reporter gene was not induced, yielding white yeast colonies. The latter control indicated that the viral protein NS2P was not able on its own to activate the promoter which drives the expression of the reporter gene, even when NS2 is targeted to this promoter through its fusion with the GAL4-BD. Taken together, these results showed that the isolated cDNA X6 encodes a polypeptide interacting with NS2P, but not with the GAL4-BD alone. It should also be stated that the reconstitution of the GAL4 transactivator activity was demonstrated through its effect on two distinct GAL4-responsive promoters (directing the expression of two different reporter genes in the HF7c yeast strain). This promoter independence further demonstrated that activation was mediated through a protein-protein interaction, in which NS2P was specifically involved.
The cDNA product interacting with NS2 corresponds to the C-terminal part of the CRM1 protein. The nucleotide sequence of the FREJ4 cDNA from clone X6, isolated through the two-hybrid screen, was determined. X6 contains a 2.1-kb insert showing a typical polyadenylation signal (AATTAAA) at nt 1982 and a poly(A) tail from nt 2002 (Fig. 2) . When translated into an amino acid sequence, the cDNA X6 was predicted to encode a 625-aa polypeptide fused in frame with the GAL4-AD (Fig. 2) . Protein data bank searches with the BLAST algorithm from the HUSAR system (56) revealed that the isolated cDNA encodes the C-terminal part of a rat homologue of the human and yeast CRM1 proteins (Fig. 3) . A comparison of the predicted rat CRM1 carboxy terminus and the corresponding amino acid sequences of the crm1 gene products from other species showed a strong level of homology (up to 97 and 51% identity with human and yeast CRM1 proteins, respectively) ( Fig. 3 and Table 1 ). This indicates that the crm1 gene products are highly conserved throughout evolution, at least in their carboxy-terminal regions.
The C-terminal part of rat CRM1 interacts with all three NS2 isoforms in the two-hybrid system. To determine whether, like the major MVM NS2P isoform, the minor NS2Y and rare NS2L isoforms can also interact with rat CRM1 protein, we coexpressed BD fusions with NS2P, NS2Y, and NS2L as baits, together with the AD-cDNA X6 prey (encoding the C-terminal part of rat CRM1) in SFY526 yeast cells. As shown in Fig. 1B , each of these three combinations gave rise to blue colonies on X-Gal-containing plates, whereas the coexpression of each of the BD-NS2 baits with a prey consisting of the sole GAL4-AD failed to activate lacZ reporter gene expression and led to the formation of white colonies. Similar results were obtained with the HF7c yeast strain (data not shown). We concluded from these results that while being unable to activate the reporter gene promoter on their own, all three NS2 isoforms can form a complex with the rat CRM1 carboxy terminus. Since yeast cells turned blue with equivalent color intensities and after similar time intervals, irrespective of the NS2 isoform used as a bait, no gross differences in the relative affinities of the different NS2 isoforms for the CRM1 product were revealed in the present assay. The full-length CRM1 and NS2 proteins are coimmunoprecipitated from MVM-infected rat cell extracts. To determine whether NS2 proteins are able to interact with the full-length CRM1 protein in rat cells, coimmunoprecipitation reactions were performed by using lysates of MVM-and mock-infected FREJ4 cells metabolically labeled with [ 35 S]methionine-cysteine and the SP6 and SP8 antibodies directed against the carboxy-terminal domains of NS2 and NS1 proteins, respectively. When cell extracts were prepared in the absence of SDS, FIG. 2 . Nucleotide sequence of the cDNA encoding the C-terminal domain of the rat crm1 gene product and, below it, the deduced amino acid sequence given in single-letter code. Nucleotides in italics (numbered Ϫ15 to Ϫ1) indicate the end of the sequence encoding the Gal4-activating domain, at its site of fusion with the isolated cDNA. The polyadenylation site present at the end of the cDNA sequence is underlined. This sequence has received the GenBank accession no. AJ238278. the anti-NS2 serum SP6 precipitated not only the viral NS2 and associated cellular 14-3-3 proteins, as previously described (9), but also a product with an apparent molecular mass of about 110 kDa (Fig. 4A and B, lanes 2) , a size which is in the molecular mass range reported for CRM1 proteins of various species (1, 28, 60) . The precipitation of the 110-kDa protein was specific for conditions allowing the formation of NS2 immunocomplexes, since this product was not observed in cell lysates prepared in the presence of SDS (Fig. 4A, lane 3 , and 4B, lane 1). In addition, no 110-kDa product was recovered either when treating noninfected cell extracts with SP6 (Fig.  4A, lanes 1 and 4, and 4B, lane 3) or when using SP8 antibodies that recognize the viral NS1 protein (Fig. 4A, lanes 5 to 8) .
To determine whether the 110-kDa product coprecipitating with NS2 indeed corresponds to CRM1, coimmunoprecipitation experiments were performed with antibodies directed against the human CRM1 protein (hCRM1) (28) . As illustrated in Fig. 4B , the anti-hCRM1 antibodies precipitated both the 110-kDa product and a protein comigrating with the fastermigrating form of NS2. The latter protein is likely to correspond to a subpopulation of NS2, since it was not detected when noninfected cell extracts were used (data not shown). From these results and knowing that the 110-kDa and NS2 products were the only detectable infection-specific proteins shared by the anti-NS2 and anti-CRM1 immunoprecipitates, we concluded that the 110-kDa product is able to interact with some but not all forms of NS2 in rat cells. Furthermore, the 110-kDa protein coprecipitating with NS2-specific antibodies (Fig. 4B, lane 2) reacted with anti-hCRM1 antibodies in an immunoprecipitation-Western blot analysis (data not shown). Given the specificity of the anti-CRM1 antibodies used (28) and the reported molecular mass of the CRM1 proteins around 110 kDa (1, 28, 60) , these data pointed to full-length rat CRM1 as an interacting partner of NS2. These results, however, do not allow us to determine whether NS2 binds to CRM1 in a direct or indirect manner. It is also worth noting that the members of the 14-3-3 protein family, which were previously shown to interact with NS2 (9) (Fig. 4A and B, lanes 2), were not coimmunoprecipitated with the anti-hCRM1 antibodies (Fig. 4B, lane 4) , suggesting that the NS2 molecules interacting with 14-3-3 proteins do not associate with CRM1 at the same time.
Interaction between CRM1 and NS2 proteins also occurs in mouse cells. It was previously described that NS2 proteins from MVM are absolutely required for parvovirus replication in cells from the natural host-the mouse-while they are dispensable for a productive virus infection in nonmurine cells (12, 15, 42, 43) . If the association of NS2 and CRM1 proteins was relevant for NS2 functioning, such an interaction should also take place in mouse cells. Indeed, the above-mentioned coimmunoprecipitation of NS2 and CRM1 proteins could also be demonstrated in extracts prepared from MVM-infected mouse A9 cells. As illustrated in Fig. 5A , NS2 and CRM1 proteins were both precipitated with either the anti-NS2 serum SP6 (lane 3) or the anti-hCRM1 antibodies (lane 5). The coimmunoprecipitation of NS2 and CRM1 occurred only in infected cell extracts prepared in the absence of SDS. Furthermore, as previously described for infected rat cell extracts, only the fast-migrating forms of NS2 coprecipitated with CRM1 (Fig. 5A, lane 5) . Altogether, these data pointed to an association of mouse CRM1 with parvovirus NS2 proteins. The interaction of CRM1 and NS2 in natural host cells would be consistent with a role of this complex in NS2 functioning, although it does not appear to contribute to the host cell dependence of NS2 activity.
CRM1 preferentially associates with the nonphosphorylated forms of NS2. MVM NS2 proteins were previously shown to exist in both phosphorylated and unphosphorylated forms (13, 17) . To determine whether phosphorylation plays a role in the interaction of NS2 with CRM1, mouse A9 cells were infected with NS2-T149A virus, an MVM mutant producing NS2 proteins whose phosphorylation is drastically impaired. Indeed, when NS2-specific antibodies were used in immunoprecipitation reactions, only fast-migrating forms of NS2-T149A were recovered from 35 S-labeled cell extracts (Fig. 5B, lower panel) , while no NS2-T149A protein could be detected in 32 P-labeled cell extracts (data not shown) (6) . As shown in Fig. 5B , the crm1 gene product was coprecipitated with the mutated NS2-T149A protein as efficiently as with wild-type NS2 (lanes 3 and 4 versus lanes 1 and 2). Therefore, NS2 phosphorylation proved to be dispensable for the interaction of the viral product with CRM1. Moreover, as stated above, coimmunoprecipitation reactions performed with hCRM1-recognizing antibodies led to the selective precipitation of the fast-migrating forms of NS2, besides the crm1 gene product (Fig. 5A, lane 5) . Since the lower NS2 band has been assigned to the unphosphorylated form of the viral product (13, 17) , this fact and above results strongly indicate that the nuclear export factor CRM1 preferentially interacts with nonphosphorylated NS2. This finding is in keeping with previously published data showing that nonphosphorylated NS2 can be detected in both the cytoplasms and nuclei of infected cells, whereas phosphorylated forms of NS2 are confined to the cytoplasm (17) .
NS2 proteins accumulate in the nuclei of infected murine cells after treatment with leptomycin B. It was previously reported that CRM1 is a member of the importin-␤ family of transport proteins (28, 32) and is involved in the export of various proteins and RNAs from the nucleus to the cytoplasm (26, 29, 30, 34, 35, 44, 48, 57, 68) . Our finding that NS2 interacts with CRM1 led us to hypothesize that nuclear NS2 might be exported to the cytoplasm via a CRM1-dependent pathway. Leptomycin B, a cytotoxin isolated from Streptomyces, was recently reported to specifically bind to CRM1 (36), thereby inhibiting CRM1-dependent nuclear export without directly affecting the other known nuclear transport pathways (29, 49, 67) . If the main cytoplasmic localization of NS2 was, at least in part, a consequence of CRM1-mediated export, then leptomycin B would be expected to induce a nuclear accumulation of NS2 in infected cells. We tested this possibility by determining the subcellular localization of the viral NS2 proteins in MVMinfected A9 cells, treated or not with leptomycin B, by using SP6 serum in indirect immunofluorescence assays. Cells were synchronized and infected at the G 1 -to-S border and subsequently released into S phase in the presence or absence of 10 nM leptomycin B. As illustrated in Fig. 6A (upper panels 1 and  3 ), a 12-h leptomycin B treatment (starting from the release time point) resulted in a striking nuclear accumulation and cytoplasmic depletion of NS2 proteins, in comparison with untreated cells showing a mainly cytoplasmic localization of the viral product. Similar results were obtained with infected A9 cells treated with leptomycin B for 3 h, starting from 7 h postrelease (Fig. 6A, upper panel 2) . The 12-h incubation of infected cells with leptomycin B did not alter the nuclear accumulation of the parvovirus NS1 protein (Fig. 6B) , arguing against a general disruption of nucleocytoplasmic transports through this treatment. Although an indirect effect of leptomycin B on the nuclear accumulation of NS2 cannot be ruled out, these results strongly suggest that NS2 proteins are actively exported from the nuclei of MVM-infected mouse cells through a pathway involving the cellular carrier CRM1. This contention is substantiated by our above-mentioned data, showing the ability of NS2 to interact with CRM1.
Altogether, our data indicate that (i) most of the NS2 proteins synthesized in the cytoplasm are moving into the nucleus and (ii) active nuclear export participates in the predominantly cytoplasmic localization of NS2.
DISCUSSION
CRM1 as a new cellular partner of MVM-NS2 proteins. NS2 proteins from the parvovirus MVM comprise several isoforms that differ in their carboxy-terminal regions, due to alternate splicing of a precursor mRNA, and are termed major (NS2P), minor (NS2Y), and rare (NS2L), according to their relative abundance in parvovirus-infected cells (13, 17) . It is not known so far whether these isoforms have different or redundant functions. The identification of cellular proteins that physically interact with NS2 isoforms constitutes a first step towards improving our understanding of NS2 functions during the parvovirus life cycle. We previously reported that the phosphorylated forms of NS2 specifically interact with two members of the highly conserved 14-3-3 protein family (6, 9) . The present study led to the identification of the nuclear export factor CRM1 as a novel NS2-interacting partner. The interaction of NS2 with CRM1 was demonstrated in the yeast two-hybrid system and further confirmed in mammalian cell extracts through coimmunoprecipitation experiments. The association of CRM1 and NS2 proteins was observed both in cells in which NS2 is dispensable for parvovirus replication (FREJ4 rat cells) and in natural host cells in which NS2 is absolutely required for a productive MVM infection (A9 mouse cells), suggesting that CRM1-NS2 complexes may play a role in NS2 functioning and/or regulation but are not involved in the host species dependence of NS2 activity. Our data also show that CRM1 preferentially associates with the nonphosphorylated forms of NS2. This result is in keeping with the fact that CRM1 is a mainly nuclear protein (1, 28) and that only the nonphosphorylated forms of NS2 are found in the nuclei of infected cells (17) . In contrast, 14-3-3 proteins proved to interact only with phosphorylated NS2 (6) . CRM1 immunoprecipitates from infected cell extracts contained NS2 but no detectable 14-3-3 proteins, in agreement with the targeting of distinct NS2 subpopulations by 14-3-3 and CRM1 proteins, respectively. It is not known at present whether the phosphorylation pattern confers a dis- tinct function on NS2 or plays a regulatory role. However, that may be possible, and our study points to the CRM1 protein as a new candidate for host participants in the regulation and/or functioning of NS2.
The CRM1 protein was first identified in the fission yeast Schizosaccharomyces pombe, in which mutational inactivation of the corresponding gene causes abnormal chromosome morphology (1). More recently, hCRM1 was identified as a protein interacting with CAN/Nup214, a nucleoprotein associated with nuclear pore complexes (28) . Several groups have provided evidence that both the human and yeast CRM1 proteins are importin-␤ family members (28, 32) that form a complex with leucine-rich nuclear export signal (NES)-containing peptides and function as essential nuclear export factors (3, 29, 30, 44, 48, 57) . Several viral or cellular proteins, containing a leucinerich NES and previously known to be exported from the nucleus or to shuttle through the nuclear membrane, were recently found to interact with CRM1 and/or to exit the nucleus via a CRM1-dependent pathway (34, 35, 48, 68) . Others groups reported that leptomycin B, a cytotoxin that abrogates CRM1-mediated transport (29, 36, 67) , inhibited the nuclear export of various proteins (33, 49, 58, 61, 65, 67) . Altogether, these data led us to postulate that the nonstructural NS2 proteins from MVM are exported out of the nucleus via a CRM1-dependent pathway.
NS2 as a shuttling protein? In proliferating mouse fibroblasts infected with MVM, the viral NS2 proteins are localized in the cytoplasmic and, to a lesser extent, nuclear compartments (17) . It was commonly assumed that due to their small size, the 25-kDa NS2 proteins could enter and exit the nucleus through passive diffusion, since the cutoff between facilitated transport and diffusion across the nuclear pore complex is considered to be about 40 to 50 kDa (20) . This hypothesis was supported by the fact that no known nuclear localization signal (NLS) has been detected so far in the NS2 sequence, whereas a bipartite NLS similar to that of nucleoplasmin is present in the mainly nuclear parvovirus protein NS1 (45) . The present study is at odds with this assumption by showing that at least the export of NS2 out of the nucleus takes place through an active process. Indeed, MVM NS2 proteins not only were able to interact with the nuclear exportin CRM1 but were also retained in the nuclei of infected cells upon leptomycin B treatment. The fact that most NS2 proteins remained nuclear in the presence of leptomycin B, whereas they accumulated in the cytoplasms of untreated cells, strongly argues for a CRM1-mediated nuclear export of NS2 proteins in murine cells. The nuclear accumulation of NS2 proteins in the presence of leptomycin B was concomitant with their depletion from the cytoplasm. Therefore, it appears that NS2 proteins normally shuttle through the nuclear envelope, with most of the polypeptides entering the nucleus at some time after their synthesis, followed by their efficient reexport to the cytoplasm through the CRM1-dependent process. Under normal conditions, a steady state is achieved, in which most of the NS2 proteins are cytoplasmic. This heterogeneous intracellular distribution could be assigned to the higher yield of NS2 cytoplasmic production, versus transport, to the greater efficiency of the export, versus import pathway, and/or to the interaction of NS2 with a protein(s) sequestering the viral product outside the nucleus. Indeed, NS2 interaction with the 14-3-3 proteins (9) may conceivably contribute to impeding the reimport or diffusion of NS2 into the nucleus.
Biological relevance of NS2 shuttling between nucleus and cytoplasm. The biological function of NS2 shuttling is supported by recent data showing a late defect in the cytoplasmic accumulation of NS2 proteins from Aleutian mink disease virus in cells which were not able to sustain a productive parvovirus infection (46) . Such a late function in parvovirus infection has also been suggested for the NS2 proteins of MVM (15) , although NS2 may also play a role at earlier steps of the virus life cycle (15, 46) . The CRM1-NS2 interaction may be important for the transport of NS2 proteins on their own. Thus, due to their relatively small size and the absence of an NLS, NS2 proteins may diffuse into the nucleus and need to be efficiently reexported for proper functioning in the cytoplasm. FIG. 6 . Subcellular distribution of NS2 in MVM-infected mouse cells. A9 cells blocked at the G 1 -to-S transition were infected with MVM and released into S phase by incubation for either 10 or 12 h in a complete medium containing (ϩ LMB) or not containing (Ϫ LMB) 10 nM leptomycin B (LMB). The drug was given either for the whole duration of release (12 h) or during the last 3 h of a 10-h release period (3 h). Cells were further analyzed by indirect immunofluorescence assay with the NS2-specific SP6 serum (A) or the NS1-specific 3D9 antibody (B). Magnification, ϫ270. wt, wild type.
Furthermore, the active transport of NS2 through the nuclear membrane may point to a potential function of these proteins in the transfer of other macromolecules between the nucleus and cytoplasm. Since MVM NS2 is actively exported from the nucleus, the viral product may act as a carrier of nuclear molecules that need to be transferred to the cytoplasm. Certain MVM mutants, expressing no or truncated NS2 proteins, were reported to be impaired in the translation of viral RNAs, which was speculated to result from a mislocation of the viral transcripts in the cytoplasm (43) . It is worth noting in this respect that since its discovery, CRM1 has been shown to bind a number of cellular and viral products and/or to lead to their nuclear export (30, 34, 35, 44, 48, 57, 68) . The viral proteins known to shuttle through the nuclear pore complex, via a CRM1-mediated and/or leucine-rich NES-dependent export pathway, include several products that are also involved in the nuclear export of specific viral RNAs, such as human immunodeficiency virus type 1 Rev (27, 67) , human T-cell leukemia virus type 1 Rex (4, 34), herpes simplex virus type 1 ICP27 (50, 53) , and adenovirus E4-34kDa (21) . Altogether these data raise the intriguing question of whether MVM NS2 proteins act in a similar way and play a role in the transport of parvovirus mRNAs, a possibility that remains to be tested experimentally. The further investigation of NS2-CRM1 interaction should shed light on both the mechanisms of NS2 nuclear export and the role(s) of NS2 proteins in the parvovirus life cycle. A potential leucine-rich NES motif, similar to the one present in human immunodeficiency virus Rev (26) , has been identified in the region common to all three MVM NS2 isoforms (data not shown), as well as in the amino terminus of Aleutian mink disease virus NS2 proteins (46) . Site mutagenesis studies are in progress to disrupt this motif in order to evaluate the relevance of NS2-CRM1 complexes to parvovirus replication.
